Vulvovaginal candidiasis (VVC) caused by Candida albicans affects a significant number of women during their reproductive ages. Clinical observations revealed that a robust vaginal polymorphonuclear neutrophil (PMN) migration occurs in susceptible women, promoting pathological inflammation without affecting fungal burden. Evidence to date in the mouse model suggests that a similar acute PMN migration into the vagina is mediated by chemotactic S100A8 and S100A9 alarmins produced by vaginal epithelial cells in response to Candida. Based on the putative role for the Th17 response in mucosal candidiasis as well as S100 alarmin induction, this study aimed to determine whether the Th17 pathway plays a role in the S100 alarmin-mediated acute inflammation during VVC using the experimental mouse model. For this, IL-23p19 2/2 , IL-17RA
Introduction
Vulvovaginal candidiasis (VVC), caused by Candida species, is an opportunistic fungal infection that affects approximately 75% of healthy women of childbearing age [1] . While historically VVC and recurrent VVC (RVVC) have been attributed to a putative local immune deficiency, several studies using a mouse model of Candida vaginitis and many cross-sectional studies evaluating women with RVVC have shown that protection is not mediated by Candida-specific adaptive immunity [2, 3] . In contrast, results from a human live challenge study revealed that protection occurs in the absence of any inflammatory response, whereas symptomatic infection is associated with a vaginal cellular infiltrate consisting exclusively of polymorphonuclear neutrophils (PMNs) [4] . The ensuing acute inflammatory response by PMNs appears to be intimately associated with symptoms of vaginitis.
Similar to clinical observations, the presence of vaginal PMNs is also seen in the experimental mouse model of Candida vaginitis. We recently reported evidence implicating that the PMN migration is mediated by chemotactic S100A8 and S100A9 alarmins produced by vaginal epithelial cells in response to Candida [5] . The production of the S100 alarmins by vaginal epithelial cells was elevated in inoculated mice exhibiting a high PMN influx (simulating a symptomatic condition) compared to those with low PMNs (simulating an asymptomatic condition). Furthermore, PMN chemotactic activity of vaginal lavage fluid was dramatically reduced following antibody neutralization of S100A8 in vitro. These findings suggested that in the mouse model, epithelial cellderived S100A8 alarmin mediates the acute PMN response that leads to the pathological inflammation associated with vaginitis.
Th17 is a recently discovered population of CD4+ effector T cells whose lineage and cytokine profile are unique from the classical Th1 and Th2 subsets [6] . Th17 cells predominantly produce IL-17 (A and F), IL-21 and IL-22. IL-23 is critical for the expansion/maintenance and the generation of a robust Th17 response. There is emerging evidence implicating that Th17 cells play a predominant role in coordinating protective mucosal immune response against oropharyngeal candidiasis (OPC) and chronic mucocutaneous candidiasis (CMC) [7, 8] . In these diseases, a Th17 response appears to provide protection by inducing neutrophil-activating factors, inflammatory chemokines and antimicrobial proteins that ameliorate the infection. In gastrointestinal candidiasis, however, an exacerbated Th17 response to Candida leads to uncontrolled inflammation responsible for the immunopathology of the disease [9] . Thus, despite the common pathogen, host response to Candida through a Th17 response has dichotomous effects depending on the site of infection. To date, the role of Th17 cells in coordinating host responses to Candida in the vaginal mucosa remains controversial with limited studies [10] [11] [12] .
The production of S100 alarmins is reported to be induced in part by cytokines of the Th17 lineage and IL-17 receptormediated signaling within target cells, including epithelial cells [13] . IL-22 produced by Th17 cells and activated dendritic cells is also known to initiate innate immune responses in respiratory and gut epithelial cells [14] [15] [16] . IL-22, together with IL-17, contributes to inflammatory responses by inducing epithelial cells to produce antimicrobial peptides and chemotactic mediators such as S100 alarmins [17] . However, there is no information whether the Th17 response is involved in the S100 alarmin-mediated PMN migration during Candida vaginitis.
The purpose of this study was to evaluate the role of the Th17 pathway in the S100 alarmin-mediated PMN migration during Candida vaginitis using the experimental mouse model.
Results
Mice deficient in cytokines of Th17 lineage are equally susceptible to vaginal colonization with Candida To evaluate whether Candida is able to establish vaginal colonization in mice deficient in Th17 lineage, estrogenized IL23p19 2/2 , IL-22 2/2 , IL-17RA 2/2 and wild-type mice were inoculated with Candida, and vaginal lavage fluids were collected on day 4 and 7 post-inoculation and evaluated for fungal burden. All strains of mice were colonized with Candida and showed similar levels of vaginal fungal burden which persisted throughout the study period ( Figure 1 ).
Vaginal PMN influx occurs in Th17-deficient mice following inoculation with Candida Based on clinical and animal studies showing a robust PMN infiltration into the vagina during symptomatic condition of infection [4, 5] , vaginal lavage fluids from inoculated animals were also examined for the presence of vaginal PMNs. As shown in Figure 2 , the number of vaginal PMNs was significantly increased in inoculated mice of all strains compared to uninoculated mice (p,0.05 in all strains). Furthermore, the patterns of vaginal PMN infiltration were comparable between all groups of animals irrespective of the cytokine status (p.0.05); the majority of inoculated animals showed .45 PMNs per high-powered microscopic field while uninoculated animals had very few PMNs if present. Inoculated mice were also evaluated for vaginal fungal burden and PMNs on day 10 post-inoculation and showed equivalent results to day 4 and day 7 post-inoculation (data not shown).
Chemotactic S100 alarmins are produced by vaginal epithelium in Th17-deficient mice following interaction with Candida
Based on animal studies showing elevated levels of S100A8 and S100A9 alarmins in inoculated mice with high numbers of vaginal PMNs [5] , lavage fluids from inoculated mice 7 days postinoculation were evaluated for S100A8 and S100A9 by ELISA. The results in Figure 3 show that the concentrations of both S100A8 and S100A9 were significantly increased in lavages from inoculated mice of all strains with high PMNs compared to those from uninoculated mice (P,0.05 in each strain). No significant differences were detected in the levels of S100A8 or S100A9 between the four inoculated strains of mice (P.0.05). It was also important to confirm that the S100 alarmins were produced by vaginal epithelial cells in response to Candida similar to our previous studies [5] . For this, vaginal tissue sections were collected from inoculated and uninoculated knockout or wild-type mice and stained for S100A8 and S100A9 by immunohistochemistry. The results in Figure 4 show that increased levels of both proteins were present on vaginal epithelium of inoculated (day 7) mice of all strains with high PMNs compared to epithelium of uninoculated mice. In addition, the epithelial cells positively stained for the S100 alarmins were localized at the outer layer of the vaginal epithelium, exhibiting more intense staining patterns in the apical surface where cells are exposed to the vaginal lumen. Positive staining with the pan-epithelial cell markers (AE1/AE3) provided confirmation that epithelial cells were being examined in the specimens (data not shown).
Vaginal inflammatory cytokine profile was comparable between wild-type and Th17-deficient mice and remained unaffected following inoculation irrespective of the PMN influx levels A series of inflammatory cytokines and chemokines were evaluated in lavage fluids to 1) confirm the lack of associated Th17 cytokines in Th17-compromised mice and 2) reveal any other cytokines that may be contributing to the symptomatic condition. Pro-inflammatory cytokines included IL-1a, IL-1b, IL-17, IL-22, TNF-a and G-CSF. Chemokines included MIP-1a, MIP-1b, MCP-1, KC and RANTES. As shown in Figure 5 A-D, levels of both pro-inflammatory cytokines and chemokines were comparable among all strains of mice and showed minimal changes locally following inoculation. The exception was an increase in IL-1a levels in wild-type and IL-22 2/2 mice (p,0.05 and p,0.0001, respectively) and IL-1b in IL-22 2/2 mice (p,0.05) following inoculation. When analyzed comparatively between lavages from mice with high PMNs and low PMNs, the cytokine and chemokine levels remained unaffected irrespective of the PMN status (data not shown). In addition to Th17 cells being the major source of IL-17 and IL-22 in various inflammatory conditions, other innate immune cells, such as cd T cells and innate lymphocytic cells (ILCs), are also known to secrete appreciable amounts of these cytokines and contribute to inflammatory diseases [18] [19] [20] . For this reason, it was important to additionally evaluate the presence of IL-17 and IL-22 in vaginal lavage fluid from inoculated wild-type and Th17-compromised animals. Results showed that wild-type mice exhibited a moderate elevation in IL-17 and IL-22 following inoculation although this did not reach statistical significance (p.0.05 for both cytokines) ( Figure 5E ), whereas IL-23p19 2/2 mice failed to produce IL-17 and IL-22 in response to Candida ( Figure 5F ). IL-17RA
2/2 and IL-22 2/2 mice showed a small increase in IL-17 following inoculation but this was not statistically significant (p.0.05) ( Figure 5G and H).
Discussion
Despite the strong evidence of Th17 cells modulating host responses to various forms of candidiasis [7] [8] [9] , no role of the Th17 pathway of immunity could be demonstrated at any level for fungal burden, PMN migration and S100 alarmin production in the vagina during experimental vaginal candidiasis. All strains of mice deficient in cytokines of Th17-lineage were equally susceptible to vaginal colonization with Candida compared to wild-type mice. Likewise, all animals were able to elicit a robust vaginal PMN response and S100 induction/secretion by vaginal epithelium following inoculation. Although these findings were unexpected based on the strong role of the Th17 response in PMN migration and induction of S100 alarmins, the lack of roles for the Th17 pathway may be explained two-fold. First, previous studies showed that vaginal epithelial cells are a primary source of S100 alarmins following vaginal inoculation with Candida where early Candida adherence to vaginal epithelium within the first 24 h is a critical event in initiating the PMN response [5] . Thus, the S100 alarmin induction during vaginal infection is mediated exclusively by a direct interaction between epithelial cells and Candida. Our current data extends this to exclude any role for Th17 in the process. Second, while host responses by CD4 + T cells are generally required for protection against mucosal candidiasis, no role has been shown for either local or systemic CD4
+ T cells against VVC [2, 3] . The lack of a protective role for CD4 + T cells is further supported by accumulating evidence of immunomodulatory mechanisms towards adaptive responses [21] [22] [23] . Hence, it may not be surprising that this also includes Th17-type responses as well as Th22 cells. Of note, there is the possibility that IL-17 and IL-22 are produced by other cellular sources. These may include cd T cells and other innate lymphoid cells in the vaginal mucosa that may act on epithelial cells and contribute to the induction of S100 alarmin-mediated inflammation during vaginal infection. However, while IL-17 and IL-22 were increased moderately in wild-type mice following inoculation, both cytokines were virtually negligible in IL-23p19 2/2 mice, suggesting that the cytokines by these other cell sources is minimal at best.
Despite strong evidence shown here against a role for Th17 cells and the fact that Th17 cells are known to be the major producer of IL-17 and IL-22, we recognize that IL-22 alone still may be a driving force in the PMN response and that IL-22 derived from innate immune cells (e.g. activated dendritic cells) could initiate the S100 response in vaginal epithelial cells. However, our results from IL-22 2/2 mice showing elevated vaginal S100 alarmins and PMN infiltration in response to Candida at equivalent levels to wild-type mice reduces the possibility of IL-22 being a primary cytokine in the S100 response. Furthermore, the epithelial cell S100 alarmin response occurs concomitantly with the exclusive presence of PMNs within 48 h post-inoculation. Thus, it is unlikely that contributions of S100 alarmins are made by other nonresident innate or adaptive cells. However, we recognize that other resident innate cells could contribute at low levels. Once the S100 alarmins and PMNs are present, the inflammatory process is in place and continues for a considerable time (for up to 30 days postinoculation in previous studies evaluating mice longitudinally [5] ). Hence, the role for the Th17 pathway in this model would likely be evident early as much as later in the infection. Taken together, we hypothesize that the vaginal S100 induction and accompanied PMN response are initiated via an innate pathogen recognition mechanism by vaginal epithelium and occurs independently of the cells or cytokines of the Th17 lineage.
Of Note, there are a few cases of contrary data that challenge this hypothesis. One is a clinical study reporting that PBMCs from dectin-1 2/2 women exhibited impaired IL-6 and IL-17 production and in turn, increased susceptibility to familial chronic mucocutaneous candidiasis and RVVC [10] . However, the results are from a small number of patients that interestingly did not suffer additionally with OPC that has a strong correlate to Th17 deficiency [7] . Thus, the incidence of RVVC could have been unrelated to the dectin-1 deficiency and simply coincidental. In addition, another clinical study reported that IL-6, IL-12 and IL-23 were only detected in a small percentage of RVVC women, suggesting a lack of a role for either Th1-or Th17-associated immunity [11] . These inconsistent clinical observations implicate the need for additional studies to properly examine host immunological factors associated with RVVC and any formal role of the Th-17 cytokines to resistance. Another study evaluating a role of the Th17 pathway in VVC included an animal model in which mice treated with halofuginone, an inhibitor of Th17 differentiation, produced significantly less IL-17 by vaginal CD4 + T cells and resulted in exacerbated vaginal infection due to impaired production of antimicrobial peptides b-defensin (BD)-2 and BD-3 by vaginal epithelial cells [12] . However, the efficacy of halofuginone for abrogation of vaginal Th17 cells is unknown in this study, and data only showed weak IL-17-mediated protection against vaginal infection or in the BD-2 response. In contrast, the present study using a more stringent system of Th17 cytokinedeficient animals clearly demonstrated a lack of roles for the Th17 pathway in both vaginal fungal burden and immunopathology associated with Candida vaginitis.
To provide further confirmation to the lack of participation by the Th17 pathway during infection, vaginal lavage fluids from IL23p19 2/2 (Th17-compromised), IL-17RA 2/2 , IL-22 2/2 and wild-type inoculated mice were evaluated for a series of proinflammatory cytokines and chemokines. Of note, only trace amounts (ranging from 0 to 103 pg/ml) of IL-17 and/or IL-22 were detected in the wild-type and IL-23p19 2/2 mice under both uninoculated and inoculated conditions, indicating a lack of Th17-associated cytokine responses following vaginal Candida challenge. The lack of IL-17/IL-22 cytokines was also confirmed when comparing data between inoculated animals with high PMNs (symptomatic condition) and low PMNs (asymptomatic condition) (data not shown). These data provide yet additional evidence against a link of the cytokines to resistance to RVVC in the dectin-1 2/2 clinical case. Furthermore, no proinflammatory cytokines and chemokines showed a remarkable increase in response to Candida in vivo. This finding is consistent with previous studies that reported the absence of adaptive immune cytokines during vaginitis in humans and mice [24] [25] [26] . The only significant increase detected following inoculation was IL-1a in the wild-type and IL-22 2/2 mice, and IL-1b in IL-22 2/2 mice, with trends toward similar increases in the other strains. IL-1a is known to be produced constitutively by epithelial cells whereas IL-1b is predominantly produced by activated phagocytes [27, 28] . The upregulation of IL-1a and IL-1b in this study could be considered as a consequence of inflammation and cell damage and a process to restore the epithelial barrier integrity following the establishment of the disease. Of note, Wagner et al. recently reported that expression of IL-1a and IL-1b was unaffected in vaginal epithelial cells challenged with C. albicans in vitro [29] . Thus, it is unlikely that IL-1a and IL-1b would have a direct effect on the initiation of PMN migration in response to Candida. This is consistent with virtually identical results observed for all parameters evaluated (CFUs, PMNs, and local S100 concentrations) irrespective of the local presence of IL-1a or IL-1b in the microenvironment. Signaling through the IL-1 receptor (IL-1R), on the other hand, has been shown to induce expression of S100A8 and S100A9 in oral epithelial cells following bacterial invasion [30] . It would be interesting to investigate whether IL-1 and IL-1R signaling contribute to the production of the S100 alarmins by vaginal epithelial cells as a resistance mechanism, but ultimately help contribute to the exacerbation of disease.
Studies to dissect immune mechanisms against mucosal candidiasis have revealed the divergence of tissue-specific host responses against Candida. Within the view of Th1/Th2 paradigm, Th1 responses were believed to mediate resistance against certain infections with Candida such as OPC by promoting protection primarily via interferon (IFN)-c [31] . Since the discovery of the Th17-axis of immunity, there is accumulating evidence for protective roles of Th17-axis against OPC and CMC where ensuing IL-17 and IL-22 signal epithelial cells to produce PMNrecruiting chemokines and other soluble factors such as S100 proteins [7, 13, 14] , opposed to the GI tract where the activation of Th17 cells in response to Candida has been implicated to induce pathological inflammation [9] . Here, we provide additional data in an experimental animal model showing no role either way for the Th17-type responses in immunopathology of vaginal candidiasis. The evidence from these studies extends the understanding that susceptibility and resistance to symptomatic VVC occurs in the absence of adaptive immune responses and likely to be mediated solely by innate immunity through the direct interaction of Candida with the vaginal epithelium.
Materials and Methods

Ethics Statement
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Mice were housed at LSU Health Sciences Center Animal Care facility. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the LSU Health Sciences Center. All efforts were made to minimize pain and discomfort in the animals.
Mice
Breeders deficient in IL-23p19 and IL-22 were obtained from Dr. Kyle Happel and Dr. Jay Kolls, respectively (LSU Health Sciences Center, New Orleans, LA). Breeders deficient in IL-17RA were obtained from Taconic Farms, Hudson, NY. Females 6 to 10 weeks of age from the breeding colonies above were used throughout the studies. Age-matched female C57BL/6 mice were purchased from Charles River at the National Cancer Institute, Frederick, MD and tested in parallel as wild-type controls.
Vaginal Candida inoculation
Vaginal inoculation with Candida was conducted as previously described [3, 32] . Briefly, mice were administered 0.1 mg of bestradiol 17-valerate (Sigma Chemical Co., St. Louis, MO) in 100 ml of sesame oil (Sigma) by subcutaneous injection 72 h prior to inoculation and then weekly until the completion of the study period. Estrogen-treated (estrogenized) mice were intravaginally inoculated by introducing 20 ml of phosphate-buffered saline (PBS) containing 5610 4 C. albicans blastoconidia from a stationary-phase culture (12 to 18 h of culture at 25uC in phytone-peptone broth with 0.1% glucose) into the vaginal lumen. Uninoculated control mice were estrogenized and intravaginally challenged with sterile PBS. Separate groups of 7 to 10 mice were evaluated on 4, 7 and 10 days post-inoculation. On euthanized animals, vaginal lavages were performed using 100 ml of sterile PBS with gentle aspiration and agitation for 30 s. To assess vaginal fungal burden, the lavage fluid was cultured at 1:10 serial dilutions on Sabourand-dextrose agar plates (BD Diagnostics, Sparks, MD) supplemented with gentamicin (Invitrogen, Carlsbad, CA), and CFUs were enumerated after incubation at 34uC for 48 h. Supernatants of the lavage fluid were sterile filtered and stored at 270uC until use.
Quantification of vaginal PMNs
Smears of 10 ml vaginal lavage fluids from each inoculated or uninoculated mouse were prepared on glass slides and stained by the standard Papanicolaou technique (pap smear). When infiltrating leukocytes were present, PMNs were identified to be the predominant cell type by the trilobed nuclear morphology. Vaginal PMNs were enumerated in 5 nonadjacent high-powered fields (4006) per mouse by light microscopy and averaged.
ELISA
The amount of S100A8 and S100A9 in vaginal lavage fluids from inoculated and uninoculated mice were quantified by a standard enzyme-linked immunosorbent assay (ELISA) as previously described [5] . Briefly, 96-well EIA/RIA plates (Costar, Corning, NY) were coated with monoclonal rat anti-mouse S100A8 or S100A9 antibodies (2 mg/ml; R&D Systems, Minneapolis, MN) overnight at 4uC. The plates were blocked for 1 h at 37uC and washed with ELISA wash buffer (0.5% Tween 20 in PBS). Standards (serially diluted recombinant mouse S100A8 or S100A9; R&D Systems) and lavage fluid supernatants (at dilutions ranging from 1:10 to 1:10 5 ) were added in triplicate and incubated for 2 h at 37uC. Following washing, the plates were incubated with primary antibodies (1 mg/ml; polyclonal goat anti-mouse S100A8 or S100A9) for 1 h at 37uC, washed 5 times and then incubated with a secondary antibody (biotinylated anti-goat IgG, 0.05 mg/ ml) for 1 h at 37uC. After washing, the plates were incubated with streptavidin-horseradish peroxidase (Bio-Rad) for 30 min at room temperature, washed 5 times and reacted with one-step ultra tetramethylbenzidine (TMB; Thermo Fisher Scientific, Rockford, IL). The colorimetric reaction was stopped with sulfuric acid (2 N) when it reached the optimal intensity. The absorbance was read at 450 nm on a Multiskan Ascent microplate photometer (Labsystems, Helsinki, Finland). The results were expressed as nanograms per 100 ml of lavage fluid.
Immunohistochemistry
Levels of S100A8 and S100A9 expression by vaginal epithelia were examined by immunohistochemistry as previously described [5] . Briefly, vaginae from inoculated and uninoculated mice were excised and embedded in Tissue-Tek cryomolds (Miles Corp., Elkhart, ID) containing optimum cutting temperature (OCT) medium (Sakura Finetek USA, Torrance, CA) in an orientation that allowed cross-sectional cutting. Tissue blocks were frozen at 270uC and sectioned in 6 mm. Tissues were collected on glass slides, fix in ice-cold acetone for 5 min and stored at 220uC until use. Following hydration, tissues were stained using the cell and tissue staining kit HRP-3-amino-9-ethylcarbazole (AEC; R&D Systems) with appropriate primary antibodies. Briefly, tissues were treated with peroxidase, goat serum, avidin and biotin blocking buffers and then incubated with monoclonal rat anti-mouse S100A8 or S100A9 antibody (10 mg/ml; R&D Systems), monoclonal mouse anti-human AE1/AE3 antibody (epithelial cytokeratin markers, 5 mg/ml; MP Biomedicals, Solon, OH), or isotype controls (rat IgG2a, rat IgG2b and mouse IgG1) overnight at 4uC. The slides were washed and incubated with biotinylated anti-rat IgG antibodies (R&D Systems) or anti-mouse IgG F(ab9) 2 fragments (Thermo) for 1 h at room temperature. The slides were then washed and incubated with streptavidin-HRP for 30 min. Finally, the slides were washed and reacted with AEC chromagen. The tissues were counterstained with CAT hematoxylin (Biocare Medical, Concord, CA), preserved in aqueous mounting medium (R&D Systems) and observed at 4006 magnification by light microscopy.
Cytokine analysis
Vaginal lavage fluids from inoculated and uninoculated mice were analyzed for a series of inflammatory cytokines and chemokines using the Bio-Plex Array System (Luminex; BioRad). Vaginal lavage supernatants were assayed for the presence of IL-1a, IL-1b, IL-6, IL-17, granulocyte-colony stimulating factor (G-CSF), keratinocyte-derived chemokine (KC), macrophage chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1a, MIP-1b, regulated upon activation normal T cell expressed and secreted (RANTES) and tumor necrosis factor (TNF)-a. The fluorescence was measured on a Bio-Plex 200 system array reader (Bio-Rad). Levels of IL-22 were separately measured by the standard ELISA (R&D Systems). The absorbance was read at 450 nm on a microplate reader. The results were expressed as picograms per 100 ml of lavage fluid.
